Abdominal aortic aneurysm (AAA) is a common human disease with a high estimated heritability (0.7); however, only a small number of associated genetic loci have been reported to date. In contrast, over 100 loci have now been reproducibly associated with either blood lipid profile and/or coronary artery disease (CAD) (both risk factors for AAA) in large-scale meta-analyses. This study employed a staged design to investigate whether the loci for these two phenotypes are also associated with AAA. Validated CAD and dyslipidaemia loci underwent screening using the Otago AAA genome-wide association data set. Putative associations underwent staged secondary validation in 10 additional cohorts. A novel association between the SORT1 (1p13.3) locus and AAA was identified. The rs599839 G allele, which has been previously associated with both dyslipidaemia and CAD, reached genome-wide significance in 11 combined independent *
cohorts (meta-analysis with 7048 AAA cases and 75 976 controls: G allele OR 0.81, 95% CI 0.76 -0.85, P 5 7.2 3 10 214 ). Modelling for confounding interactions of concurrent dyslipidaemia, heart disease and other risk factors suggested that this marker is an independent predictor of AAA susceptibility. In conclusion, a genetic marker associated with cardiovascular risk factors, and in particular concurrent vascular disease, appeared to independently contribute to susceptibility for AAA. Given the potential genetic overlap between risk factor and disease phenotypes, the use of well-characterized case -control cohorts allowing for modelling of cardiovascular disease risk confounders will be an important component in the future discovery of genetic markers for conditions such as AAA.
INTRODUCTION
Abdominal aortic aneurysm [AAA (MIM 100070)] is a common condition, particularly in men over the age of 65 years, with a reported prevalence of between 2 and 8% (1). The demographic risk factor profile for AAA is well described and includes smoking, family history of AAA, older age, male sex and concurrent atherosclerotic diseases, particularly coronary artery disease (CAD) (2 -4) . Whereas historically considered to be a consequence of atherosclerosis, AAA is now considered to be a distinct clinical entity, although one that shares many risk factors with occlusive atherosclerotic vascular disease (2, 5) . Three genome-wide association studies (GWAS) have been reported for AAA (6 -8) . To date, only three genetic associations, the ANRIL locus (9p21) (9) , DAB2IP (9q33) (8) and LRP1 (12q13) (7) , have been reported which reach genome-wide significance (P , 10
28
). The possible association between dyslipidaemia and AAA (4) is somewhat controversial, with both positive (4) and negative (2) associations having been reported. Nevertheless, the inverse association between high-density lipoprotein (HDL) and AAA is widely accepted (10) . In addition, examination of human AAA biopsies demonstrates the presence of extensive intimal atherosclerosis (11) .
Recently, GWAS have reported numerous loci that are convincingly associated with blood lipid levels (12) and CAD (13) . Several loci, such as the PCSK9, SORT1, APOA1 and LDLR, show robust associations with both phenotypes.
This study applied a biological pathway-based screen of a whole-genome AAA case -control data set (14) to determine whether variations in genes previously shown to be associated with either CAD or blood lipids are also associated with AAA. Observations were replicated in multiple international cohorts (final analyses with 7048 AAA cases and 75 976 controls) and independence of the genetic associations determined using logistic regression.
RESULTS
A total of 44 blood lipid-and CAD-associated loci were screened in the New Zealand (NZ) discovery cohort, including four, PCSK9 (1p32.3), SORT1-CELSR2-PSRC1 (1p13.3), APOA1 (11q23.3) and LDLR (19p13.2), which were strongly associated with both phenotypes (Supplementary Material, Table S2 ). Of these, 15 lead single-nucleotide polymorphisms (SNPs) were associated with AAA with observed P-values , 0.05. Three SNP associations, rs599839 on 1p13.3 (SORT1-CELSR2-PSRC1; Fig. 1 ), rs4977574 on 9p21 (CDKN2BAS1) and rs4775049 on 15q21 -23 (LIPC), had P , 0.1 in the same direction of association as the second NZ cohort (Supplementary Material, Table S3 ) and were followed up in the WTCCC AAA cohort. Two SNPs remained significant following WTCCC AAA cohort validation. These were 1p13.3 SORT1-CELSR2-PSRC1 rs599839, which represents a novel AAA association, and rs4977574 9p21 CDKN2BAS1, which is in a previously reported AAA locus (9) .
Replication in additional independent case -control cohorts demonstrated a consistent rs599839 G allele AAA protective association within 6 of the 11 cohorts examined (Table 1) . In all of the 11 cohorts, the MAF was lower in cases than in controls, and when all genotyped cohorts were analysed together (7048 AAA cases and 75 976 controls, pHet ¼ 0.68), the meta-P-value was 7.2 × 10
214
. A putative functional SNP, rs12740374, associated with SORT1 expression (15) ), the rs599839 AAA association was the strongest in the region.
The 1p13.3 locus has been shown to have a strong effect on circulating low-density lipoprotein (LDL)-cholesterol (12, 13, 15, 16) , as well as CAD and myocardial infarction (13, 16) . We therefore tested the possible confounding effect of rs599839 SNP effect on LDL cholesterol, after adjusting for statin use. Carriers of the AAA protective rs599839 G allele had significantly lower LDL in both the NZ (P ¼ 0.015) and Leeds (P ¼ 0.012) cohorts. These G allele effects were of consistent magnitude and direction (24.48 mg/dl) with that previously reported by Teslovich et al. (12) . Nevertheless, when LDL-cholesterol was added to the multivariate model, along with other known AAA demographic risk factors including a history of CAD and HDL-cholesterol, the rs599839 G allele AAA association remained significant (Table 2) .
Despite the apparent independence of the rs599839 AAA association, an additional analysis was performed to determine whether the CAD or lipid risk alleles simply represented a proxy for AAA association. CAD (13) or lipid (12) risk allele lead trait effects were correlated with their respective AAA odds ratios using Pearson's correlation coefficients. Suggestive AAA SNP effects (OR ≤ 0.9 or .1.1) significantly correlated with CAD SNP effects (n ¼ 13, r ¼ 0.78, P , 0.001, 12 of 13 SNPs with consistent directions of effect).
Lipid SNP effects showed a weaker suggestive correlation (n ¼ 10, r ¼ 0.62, P ¼ 0.06, 8 of 10 SNPs with consistent directions of effect). Because of this suggestive association, an expanded lipid SNP set was formed by including all HDL or LDL SNPs with P , 10 24 from the meta-analysis data sets published online by Teslovich et al. (12) . When aligned to the NZ AAA discovery data set, this corresponded to 4960 HDL (specific) SNPs and 4229 LDL (specific) SNPs. The lead AAA-associated SNP in each lipid locus, along with any other (LD-filtered) AAA associated (P , 0.05) SNPs, was selected. This resulted in 120 HDL and 96 LDL SNPs. An additional 18 SNPs were associated with both HDL and LDL and were not included in lipid subgroup analysis. No significant correlations between AAA odds ratios and the lipid effect sizes were observed in any of these (expanded) groups (HDL: r ¼ 0.11, P ¼ 0.24, 50 of 120 consistent direction of effects; LDL: r ¼ 0.04, P ¼ 0.68, 53 of 96 consistent direction of effects). These correlations did not change significantly when only SNPs with suggestive (OR ≤ 0.9 or .1.1) AAA associations were included. The rs599839 G allele was associated with reduced AAA risk in 6 of the 11 cohorts (P-value for heterogeneity 0.68)
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Aortic tissue gene and protein expression
The 1p13.3 rs599839 SNP is in the vicinity of the CELSR2, PSRC1 and SORT1 genes. Aortic RNA expression for SORT1, CELSR2 and PSRC1 was assessed using RT -PCR. Only SORT1 showed robust expression in AAA tissues (Supplementary Material, Fig. S1 ). SORT1 encodes the sortilin-1 protein, the levels of which were assessed by western blot analysis to confirm the presence of protein within control and AAA abdominal aortic tissue. Sortilin-1 protein (both cytoplasmic and extracellular domains) was detected in all aortic samples and was found to have significantly higher protein levels in AAA compared with controls (Supplementary Material, Fig. S2 ). AAA sortilin-1 tissue protein levels did not correlate with aneurysm size (r ¼ 0.19, P ¼ 0.11, Spearman's correlation), nor was there any association between either rs599839 or rs12740374 genotype and tissue sortilin-1 levels (not shown).
Immunohistochemical analysis confirmed cytoplasmic staining for sortilin-1 within aortic tissues. In non-aneurysmal controls, staining was generally weak and when present appeared restricted to cells in the thickened (Supplementary Material, Fig. S3 ) or atherosclerotic intima. In AAA tissue, staining was observed throughout the atherosclerotic intima as well as the residual media and inflamed adventitia. In particular, T-cell-rich lymphoid aggregates in the AAA adventitia appeared strongly positive for sortilin-1 ( Supplementary  Material, Fig. S4 ).
DISCUSSION
Evidence suggests that functionally related genes can collectively influence disease susceptibility (17) . Biological pathwaybased analysis of whole-genome data sets has therefore been suggested as an approach to facilitate more powerful analysis of genome-wide data sets (14) . We applied this strategy on two levels, first by testing lead SNPs that have been convincingly associated with two AAA risk factors, namely blood lipid profile and concurrent CAD. Second, by examining a larger number of SNPs in the vicinity of these loci to identify any other (LD-filtered) SNPs that also appear to be associated with AAA. Using this approach, we were able to identify a novel association between the SNP rs599839 and AAA.
The genetic variant rs599839 (or SNPs in strong linkage disequilibrium) has been shown to have highly significant associations with both circulating lipoprotein profile (12,16) and CAD risk (13) . This SNP is in the region 1p13.3, and includes the genes CELSR2, PSRC1 and SORT1. Evidence suggests that the lipoprotein association is primarily driven by altered liver SORT1 expression (15, 18) . In this study, rs599839 was consistently associated with AAA at a genome-wide level of significance. In addition, we also observed strong SORT1 (but not CELSR2 or PSRC1) gene and sortilin-1 protein expression within abdominal aortic tissues. This is consistent with the high SORT1 gene expression levels previously reported within ascending thoracic aortic tissue by Folkersen et al. (18) . Although we observed significantly higher SORT1 protein levels in AAA tissue compared with controls, there did not appear to be an association between aortic wall sortilin-1 protein and rs599839 genotype. Again, this observation appears consistent with Folkersen et al.'s observations of the rs599839 SNP having a genotype effect on SORT1 gene expression in human liver, but not in mammary artery or ascending aortic tissues (18) . Although this may tend to suggest that the SORT1 genetic association with vascular diseases (such as CAD and AAA) acts primarily by altering liver-related functions, such as lipid metabolism, it should be noted that the rs599839 AAA effect persisted despite modelling for lipoprotein profile and other cardiovascular risk factors. It should also be noted that we examined relatively small numbers of end-stage AAA biopsies available from patients undergoing open surgery. Thus, it is possible that rs599839 could influence aortic SORT1 expression prior to or during the early stages of AAA formation and we would have failed to detect this association during our analyses. The results were adjusted for cardiovascular risk factors in the combined NZ discovery and replication studies and the Leeds cohort, UK. CAD was defined as a history of previous myocardial infarction or angiographically proved coronary stenosis. Smoking history was based on pack-years (1 pack/day for 1 year equals 1 pack-year). Dyslipidaemia was defined as either self-reported history or treatment (specifically) for hyperlipidaemia. Diabetes mellitus (DM) includes both type 1 and type 2. The adjusted odds ratios were generated in separate analyses using logistic regression comparing genotypic effect with each risk factor. 2944 Human Molecular Genetics, 2013, Vol. 22, No. 14 Gene ontology analysis (AmiGO version 1.8, release date September 2012) indicates that SORT1 may be involved in a wide range of processes, including not only lipoprotein metabolism but also insulin-responsive glucose transport, G-proteincoupled muscle differentiation, nerve growth factor receptor signalling and apoptosis. The role of SORT1 in normal and pathobiological processes within the vascular wall remains unclear; however, this study suggests that SORT1 may not only have systemic effects, for example by altering circulating lipoprotein profiles, but also have the potential to have actions directly within the blood vessel wall. The immunohistochemical localization of sortilin-1 protein within adventitial inflammatory cell aggregates may suggest a role in this key pathological aspect of aneurysm biology. Indeed, the rs599839 G allele has been associated with increased SORT1 mRNA expression within lymphocytes, indicating that the genotype effects of this SNP may extend beyond that of liver tissues (19) .
Pathway loci selection for this study was driven by the availability of high-quality meta-analysis data on two phenotypes implicated in the pathogenesis of AAA, specifically concurrent CAD (13) and blood lipid profile (12). The evidence from several large AAA screening studies has strongly suggested a positive correlation between the risk of AAA and concurrent atherosclerotic occlusive diseases, especially CAD (2 -4). However, these studies offer contradictory associations with regard to AAA and dyslipidaemia (blood lipid profile) (2,4). Golledge et al. (20) , examining subjects from the Australian Health in Men Study, reported that HDL-cholesterol, but not LDL or triglycerides, was an important risk factor for (small) AAA. In addition, in middle-aged men, aortic atherosclerotic plaque, but not blood lipid profile, has been correlated with abdominal aortic size (21) . Similarly, carotid plaque and CAD, but not total cholesterol, were shown to be associated with aortic size in the Tromsø Study (2) . These observations appeared to match the strong correlation and consistency of effect for the CAD SNPs tested. In contrast, a weaker correlation and consistency of effect was observed for the lipid loci SNPs. Taken together these data suggest that vessel wall atherosclerotic burden may be a more significant risk factor for AAA than circulating lipid profile.
In conclusion, this study identified a genetic variant rs599839, which has been previously associated with SORT1 expression, circulating LDL-cholesterol profile and risk of CAD, to be consistently associated with AAA risk. This association appears to be independent of other known cardiovascular risk factors, including concurrent vascular disease and dyslipidaemia.
MATERIALS AND METHODS

Ethics statement
All samples used in this study were collected under the approval of the appropriate local ethics committee, and written informed consent was obtained for all individuals.
Discovery cohort
The NZ AAA discovery cohort consisted of 612 AAA patients and 608 elderly controls screened to exclude AAA (Supplementary Material, Table S1 ). All discovery participants were genotyped using the Affymetrix SNP6 GeneChip array and had call rates .95% (mean 99.2%). Imputation was then conducted using IMPUTE 2.2 run on the BCISNPmax database platform (version 3.5, BCI Platforms, Espoo, Finland). The reference haplotypes were based on the 1000 Genomes June 2011 release. Imputed calls were filtered by quality score (.0.9) to restrict to higher quality imputed SNPs. The genomic inflation factor (l) was 1.06 (MAF . 0.05, 5.4 million SNPs).
Selection of SNPs for analyses
A biological pathway-based screen of the NZ AAA discovery data set was used to identify possible blood lipids or CAD SNP associations with AAA. Validated loci associated with blood lipids [27 loci (12) with P , Table S2 ).
In order to determine the relative effect of lipid fractions, an additional analysis was conducted whereby SNPs associated (P , 10
24
) with either HDL or LDL were identified from the meta-analysis conducted by Teslovich et al. (12) (www. sph.umich.edu/csg/abecasis/public). These lists were LD-filtered (r 2 . 0.5), and the correlation between either all SNP or those with suggestive (OR ≤ 0.9 or .1.1) AAA associations and the respective HDL and LDL traits determined using Pearson's correlation coefficients.
Replication sets
A second NZ cohort was used to validate discovery cohort observations. This cohort included 713 AAA patients and 1766 screened controls (Supplementary Material, Table S1 ).
NZ observations were further validated in an additional nine independent AAA case -control cohorts. These were from the Wellcome Trust Case Control Consortium (WTCCC2, 1286 cases/5605 controls), deCODE Genetics (Icelandic, 1163/61 639; Dutch, 840/2792), Western Australia (Health in Men Study, 377/373), Leeds, UK (684/456), Geisinger Clinic case -control sample, Pennsylvania, USA (773/1313) (6, 8) , the Mayo Clinic eMERGE data set (230/1000), Belgium (176/ 267) and Canada (198/153) (8, 9) . A more detailed description of each cohort is provided in the Supplementary Material.
The rs599839 SNP was re-genotyped in NZ (discovery and validation cohorts), Western Australian, Leeds, Mayo Clinic and Geisinger Clinic cohorts using the TaqMan allelic discrimination method (using a pre-designed assay available from Life Technologies). SNPs for the other cohorts were from imputed data sets as previously reported (7) . The SNP rs12740374, a putative functional SNP (15) in high LD with rs599839, was also re-genotyped in both NZ samples cohorts using the TaqMan methodology.
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A meta-analysis of the cohort odds ratios was conducted using a Maentel -Haenzel method.
The known effect of rs599839 on LDL-cholesterol (12) was modelled in both the Otago (NZ) and Leeds (UK) cohorts. Statin use reduced LDL by an average factor of 0.68 compared with untreated individuals. This difference was the same in both case and control groups. All statin-treated LDL-levels were multiplied by the reciprocal of 0.68 and these values used for linear regression. Similar rs599839 effects on LDL were obtained when both uncorrected LDL and statin use were included in a linear regression model.
Confirmation of aortic gene and protein expression
Quantitative PCR probes for SORT1 (NM_002959), CELSR2 (NM_001408), PSRC1 (NM_032636), ACTB (NM_001101) and GAPDH (NM_002046, SA Biosciences, Germany) were used to determine gene expression in RNA extracted from 11 AAA samples. Total RNA was extracted using Trizol (Life Technologies, NY, USA) and RNeasy kits (Qiagen, Germany) according to the manufacturers' instructions, and was followed by DNase treatment. RNA quantity and purity were confirmed by a NanoDrop (Thermo Scientific, DE, USA). Target gene probe intensities were standardized against ACTB or GAPDH probe intensities, with similar results being obtained regardless of which reference gene was used.
Infra-renal aortic tissue samples from 20 elderly nonaneurysmal post-mortem controls [74% male, mean age 63 years (range 24-83)] and 98 AAA [78% male, mean age 73 years (range 51-87)] patients were collected. Solubilized protein was extracted from samples using Trizol according to the manufacturer's instructions. Two separate polyclonal antibodies against human SORT1, one targeting the cytoplasmic domain (LS-C94912, Lifespan Biosciences, Inc., Seattle, WA, USA) and the other against the extracellular region (S0697, Sigma-Aldrich, St Louis, MI, USA), were used to detect protein levels by western blot analysis. Recombinant human Sortilin (Q99523, R&D Systems, Minneapolis, MN, USA) was used as a positive control. Protein levels were standardized against ACTB (SC-130301, Santa Cruz Biotechnology, CA, USA).
Immunohistochemical analysis was performed on both aneurysmal (n ¼ 4) and non-aneurysmal aortic (n ¼ 4) formalinfixed paraffin-embedded tissue using the SORT1 cytoplasmic domain (LS-C94912) antibody. Smooth muscle (A2547 Sigma, St Louis, MO, USA), T-cells and B-cells (ab5690 and ab24081, respectively, Abcam, Cambridge, UK) were also immunostained to provide cellular localization of SORT1.
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